Apicomplexan parasites of the genera Theileria and Plasmodium have complicated life cycles including infection of a vertebrate intermediate host and an arthropod definitive host. As the Plasmodium parasite progresses through its life cycle, it enters a number of different cell types, both in its mammalian and mosquito hosts. The fate of these cells varies greatly, as do the parasite and host molecules involved in parasite-host interactions. In mammals, Plasmodium parasites infect hepatocytes and erythrocytes whereas Theileria infects ruminant leukocytes and erythrocytes. Survival of Plasmodium-infected hepatocytes and Theileria-infected leukocytes depends on parasite-mediated inhibition of host cell apoptosis but only Theileria-infected cells exhibit a fully transformed phenotype. As the development of both parasites progresses towards the merozoite stage, the parasites no longer promote the survival of the host cell and the infected cell is finally destroyed to release merozoites. In this review we describe similarities and differences of parasite-host cell interactions in Plasmodium-infected hepatocytes and Theileria-infected leukocytes and compare the observed phenotypes to other parasite stages interacting with host cells.
. To realize this additional multiplication step, inhibition of host cell apoptosis is not sufficient and Theileria parasites go much further in their influence on the host cell by inducing a reversible host cell transformation, which provokes a leukemia-like phenotype in infected animals. Interestingly, Theileria parasites unlike Plasmodium parasites do not live in a parasitophorous vacuole, probably reflecting their close association with the internal environment of the host cell. Communication is certainly simplified by the parasite residing freely in the cytoplasm of the host cell. Although both Plasmodium liver stage parasites and Theileria schizonts interfere with signalling pathways of their host cells, the corresponding molecular mechanisms appear to be very different.
THEILERIA
T heileria-infected leukocytes exhibit all signs of transformed cells ( Fig. 1 ) and thus infected cells can easily be cultured in vitro. However, all these features disappear if the intracellular parasite is killed by the bupavarquone derivate BW720c (Dobbelaere & Rottenberg, 2003) . This drug specifically eliminates the parasite without affecting the host cell. BW720c-treated Theileria-infected cells stop proliferating, exhibit a resting phenotype and finally die by apoptosis, even after decades of in vitro culture, indicating that not genetic alteration, but epigenetic modifications (i.e. chromatin and DNA modification) are the basis of this parasite-induced phenotype. Generally, transformation of cells is genetically determined and thus considered as irreversible. Therefore, the entirely different Theileria-induced reversible transformation should be classified as "parasite-dependent reversible host cell transformation". Although it is still not clear how the presence of the parasite induces epigenetic changes, it is well established that the parasite interferes with host cell signalling pathways (Dobbelaere & Kuenzi, 2004) suggesting that epigenetic alterations and parasite-dependent signalling are closely connec-P lasmodium liver stage parasites and Theileria schizonts are known to have profound effects on their host cells. Initially, both parasites inhibit the apoptotic machinery of the cells they infect (Heussler et al., 2002; Sturm et al., 2006) . However, before merozoites are released to infect red blood cells, host cell death is initiated. In vitro, Plasmodium exoerythrocytic development lasts for only 3-5 days, depending on the Plasmodium species, whereas Theileriainfected leukocytes proliferate for an unlimited time in vitro during parasite schizogony. Only when merogony is induced by change in culture conditions or when the parasite is eliminated, is the transformed state of infected cells reversed and the host cell eventually ruptures to release merozoites (Swan et al., 2001) . Theileria-induced host cell proliferation results in a clonal expansion of the parasite population since parasites are equally distributed over both daughter cells ted. In the following chapters, various aspects of parasite-induced reversible host cell transformation will be discussed.
THEILERIA-INDUCED PROLIFERATION
Upon stimulation, lymphocytes have the capacity to proliferate transiently before most of them die by activation induced cell death (AICD), a special form of apoptosis. Theileria-infected lymphocytes proliferate continuously and do not show signs of AICD. Since parasites are divided over both daughter cells, this proliferation results in vivo in a rapid clonal expansion of infected lymphocytes. These additional rounds of replication benefit the parasite and thus proliferation is one of the most important features of Theileriainfected cells. Proliferation is normally the result of growth factor receptor activation and the downstream PI3-kinase/PKB pathway. In all Theileria-infected leukocytes tested so far, a moderate but constitutive activation of the PI3K/PKB pathway was observed and its drug-mediated inactivation results in a reduced rate of proliferation of the parasitized cells (Baumgartner et al., 2000; Heussler et al., 2001) . Interestingly, PI3K/PKB inhibition did not have an effect on the survival of the infected cells although it has been shown recently that in Theileria-infected cells, PKB is responsible for inhibiting the pro-apoptotic molecule Bad (Guergnon et al., 2006) . Blocking of PKB activity is not lethal because Bad can also be inactivated by another kinase and only inhibition of both kinases results in apoptosis.
INHIBITION OF HOST CELL APOPTOSIS
If Theileria parasites actively block host cell apoptosis, drug-mediated elimination of the pathogen should result in host cell death. The theilericidal drug BW720c selectively eliminates the parasite within 2-3 days and, indeed, after five days of treatment, host cell apoptosis is induced. Interestingly, a clear correlation of apoptosis in BW720c-treated cells and DNA binding activity of the transcription factor NF-κB was described (Heussler et al., 1999 NF-κB in Theileria-infected cells completely disappears after five days of treatment. Importantly, specific inhibitors that immediately block activation of NF-κB, result in direct induction of apoptosis of the infected cells without affecting the parasite. Therefore, inhibition of host cell apoptosis in Theileria-infected cells depends, at least partly, on the host cell transcription factor NF-κB. Although a particular NF-κB-inducing parasite factor has not yet been identified, the point at which the parasite interferes with the NF-κB cascade has been well characterised. NF-κB activation depends on phosphorylation and degradation of its associated inhibitor IkB. Responsible kinases belong to the IKK signalosome (IKK α, β, γ) and it has been shown that this complex becomes activated by accumulation on the parasite surface ( Fig. 3B) (Heussler et al., 2002) . It is still not known how the parasite accumulates IKK signalosomes on its surface, but it is likely that the host cell cytoskeleton is involved since Theileria parasites are known to interact closely with host cell tubulin (Dobbelaere & Rottenberg, 2003) . Another question, which remains to be resolved, is whether accumulation is sufficient to activate the IKK signalosome or whether the parasite secretes an upstream kinase. An attractive hypothesis is that the parasite provides a scaffold protein for IKK kinases at its surface. IKK kinases are then arranged in a favourable position, resulting in IκB phosphorylation and NF-κB activation. Upon liberation from IκB, NF-κB translocates to the host cell nucleus and activates expression of several anti-apoptotic proteins (Kuenzi et al., 2003) . Transformation of cells often involves the expression of oncogenes and c-myc, one of the best-characterised oncogenes, was found to contribute to the transformed phenotype of Theileria-infected cells (Dessauge et al., 2005a) . It has been suggested that the anti-apoptotic effects of c-myc in Theileria-infected cells, might be due to the c-myc-dependent expression of the Bcl-2 family member Mcl-1. Expression of c-myc in Theileriainfected lymphocytes depends on the presence of the parasite and ceases rapidly upon parasite elimination by BW720c (Dessauge et al., 2005b) . The rapid decrease of c-myc levels upon BW720c treatment in comparison to the steady decrease in NF-κB activation over 3-5 days suggests a more central role of NF-κB in Theileriadependent inhibition of host cell apoptosis.
MEROZOITE DEVELOPMENT OF THEILERIA
Merogony of some Theileria strains can be induced by raising the temperature to 41°C (Shiels et al., 1992) . Upon merozoite development, the host leukocyte gradually looses the transformed phenotype. On a molecular level it has been shown that IKK signalosomes disappear from the surface of the parasite and, as a consequence, NF-κB translocation to the host cell nucleus is blocked (Heussler et al., 2002) . It is generally accepted that the host cell finally ruptures and releases merozoites but the molecular details of this event are not known and it might well be that merozoite liberation is a far more complicated process similar to what has been shown for Plasmodium merozoite release from hepatocytes (Sturm et al., 2006) .
INHIBITION OF CELL SENESCENCE
When mammalian cells are normally cultured and serially passaged, it is found that cells cease dividing after 50 to 100 generations and enter what is called replicative senescence. In contrast, when Theileriainfected cells are cultured under the same conditions, they are capable of unlimited replication. It is now known that the crucial event limiting the life span of untransformed cells is the progressive erosion of chromosome ends. These ends are normally capped by repetitive, six base pair sequences called telomere repeats which, together, are approximately 6-12 kb long. In germ cells, which must retain their replicative capacity, and in certain stem cells, particularly of the haematopoietic system, an enzyme called telomerase helps to maintain normal telomere length. However, telomerase is not expressed in most somatic cells and the successive replicative cycles lead to the progressive shortening of telomeres. When a certain threshold is reached, p53 becomes activated, causing cell-cycle arrest and the phenomenon of replicative senescence. It is not surprising that many cancer cells reactivate telomerase expression or silence the expression of p53. Whether Theileria-infected cells express telomerase or are deficient in p53 activity has not yet been investigated. A number of Theileria-transformed cell lines have been cultured for several decades, undergoing thousands of cell divisions. The fact that T cells, once cured of the parasite, can continue to proliferate for up to three months in culture in the presence of IL-2 and potent mitogenic stimulation (Dobbelaere & Rottenberg, 2003) , is a strong indication that telomere length is maintained as long as the parasite is alive.
PARASITE MOLECULES THAT POTENTIALLY INTERFERE WITH HOST CELL SIGNALLING PATHWAYS
The fact that Theileria schizonts reside free in the cytoplasm of the host cell offers several possibilities as to how the parasite could interfere with host cell signalling cascades. An important prerequisite is that the parasite molecule is exposed to the host cell cytoplasm, presumably by presence on the parasite surface or by secretion from the parasite. Among the Theileria TashAT gene family, several members have been identified that are indeed secreted into the host cell cytoplasm and even translocate to the host cell nucleus (Shiels et al., 2004; Swan et al., 1999) . TashAT2 and SuAT1 contain AT hook DNA-binding domains and it is notable that in higher eukaryotic cells, elevated levels of AT hook proteins are associated with oncogenic transformation. While expression of TashAT2 might be involved in downregulation of host cell responses to infection (Oura et al., 2006) , SuAT1 expression is rather associated with the altered cellular morphology of Theileria-infected cells (Shiels et al., 2004) compared to resting leukocytes. The rather minor effects of heterologous expression of single parasite proteins in non-infected cell lines suggested that the transformed phenotype of infected cells is probably induced by many parasite factors rather than by a single dominant transforming parasite protein. Another secreted Theileria protein is TaSE, which appears to co-localize partly with host cell microtubules (Schneider et al., 2007) . Theileria parasites are known to closely interact with host cell microtubules during mitosis, allowing passive distribution into both daughter cells and TaSE might be involved in connecting the parasite to host cell tubulin. Heterologous expression and subsequent experiments localising TaSE in uninfected cells confirmed the association with tubulin. Localisation of TaSE to the spindle poles and the midbody in Theileria-infected cells and in transfected cells suggested an interaction of the parasite protein with important regulators of mitosis like the Aurora A kinase (Schneider et al., 2007) and it will be a major challenge for the future to prove this hypothesis.
THEILERIA STAGES IN THE DEFINITIVE HOST
From the few experiments performed with Theileriainfected ticks, it can be concluded that upon infection, salivary gland cells undergo a massive hypertrophy and accumulate glycogen, which may serve as an energy source for the growing parasite (Blewett & Branagan, 1973; Fawcett et al., 1982) . However, since cell hypertrophy in the salivary gland has also been described after a non-infectious blood meal (Sauer et al., 1995) the role of the parasite in hypertrophic growth of salivary gland cells remains to be determined. More recently, cDNA libraries of T. parva-infected and uninfected salivary glands have been generated (Nene et al., 2004) . Although no differences in abundantly expressed ESTs have been found, considerable variation of less abundant signalling molecules regulating the hypertrophic growth of salivary gland cells might exist. A detailed analysis of the transcriptome of parasitized salivary glands using cDNA arrays would certainly shed some light on which molecules are responsible for the hypertrophic growth of salivary gland cells during infection.
PLASMODIUM SPOROZOITE TRANSMIGRATION
O n injection by an infected mosquito into a mammalian host, Plasmodium sporozoites travel with the bloodstream to the liver. Here sporozoites pass through Kupffer cells to reach hepatocytes (Pradel & Frevert, 2001) . Recently it was shown that sporozoites inhibit the defence mechanisms of the Kupffer cell that would normally lead to parasite destruction, by secretion of the sporozoite surface protein CSP (Usynin et al., 2007) . On leaving the Kupffer cell, sporozoites traverse several hepatocytes (Fig. 2) , which activates the parasite to secrete micronemal proteins necessary for invasion of a final hepatocyte (Mota et al., 2002) . Activation of sporozoites is believed to occur by their contact with the intracellular environment of the hepatocyte and at least in part appears to be due to their exposure to intracellular concentrations of potassium (Kumar et al., 2007) . To gain entry into a hepatocyte for traversal, sporozoites puncture the cell membrane using a perforin-like protein, spect2, or pplp1 (Ishino et al., 2005; Kadota et al., 2004) . Sporozoite activation by cell traversal does not, however, appear to be essential, as genetically modified spect2-negative parasites, which were unable to traverse hepatocytes, can successfully infect hepatocytes in by , and the activation and suppression of host cell death are indicated by → and respectively. 1) Sporozoites, on injection into the vertebrate host by the mosquito, travel to the liver. To leave the blood vessel, they pass through Kupffer cells, suppressing the defensive respiratory burst of the traversed cell. 2) Sporozoites transmigrate through hepatocytes, entering and exiting by membrane perforation, but in most cases without causing hepatocyte death. 3) Once activated for invasion, sporozoites enter a final hepatocyte and reside within a parasitophorous vacuole. Apoptosis of these cells is initially inhibited by binding of the hepatocyte growth factor HGF ( ) released by traversed cells) to the surface receptor c-MET, Y. 4) As parasite development continues, prevention of host cell apoptosis is directly mediated by the parasite. 5) At the completion of schizogony, the parasitophorous vacuole breaks down, releasing merozoites into the cytoplasm and the parasite triggers a novel form of host cell death. The result is the budding of merozoite-filled sacs into the liver sinusoid, which eventually rupture to release merozoites. 6) Merozoites invade red blood cells and undergo repeated cycles of asexual reproduction, during which host cell death is prevented by the parasite. 7) Some parasites develop into male or female gametocytes and on uptake into the mosquito during blood feeding, these gametocytes are activated. The released gametes fuse to form a zygote that quickly differentiates to a motile ookinete. 8) Escaping from the mosquito midgut, ookinetes traverse several epithelial cells and these die by apoptosis as a result. 9) On leaving the final epithelial cell, the ookinete differentiates into an oocyst and here thousands of sporozoites are produced. 10) Sporozoites travel to the salivary glands and here traverse cells to reach the salivary ducts, from where they are injected into a vertebrate host.
Kupffer cell-depleted mice. Although parasite transmigration seriously damages the target hepatocytes, most traversed cells survive (Mota et al., 2001) and can then present CSP secreted by traversing sporozoites via MHC class I molecules (Bongfen et al., 2007) . Studies have shown that on exposure to sub-lytic concentrations of perforin, cells are able to re-seal their plasma membranes by the fusion of internal vesicular compartments to the damaged membrane, a process triggered by influx of Ca 2+ ions upon membrane damage (Keefe et al., 2005) . It is likely that traversed hepatocytes employ such a method of membrane repair following sporozoite entry and exit.
PARASITE DEVELOPMENT WITHIN HEPATOCYTES AND INHIBITION OF APOPTOSIS
On hepatocyte invasion and during subsequent schizont development within the parasitophorous vacuole (Fig. 3A) , the parasite requires the host cell to stay alive and therefore host cell death must be prevented. Additionally to the role in sporozoite activation, traversed hepatocytes also are involved in inhibiting apoptosis of finally infected cells. Hepatocytes wounded by sporozoite traversal release hepatocyte growth factor (Carrolo et al., 2003) , which activates the c-MET receptor on the surface of infected hepatocytes, leading to an inhibition of host cell apoptosis via a PI3 kinase-dependent pathway (Leiriao et al., 2005a) . The HGF-dependent block of hepatocyte apoptosis during and immediately following sporozoite invasion is thought to be short-lived and resistance to apoptosis then becomes HGF and PI3 kinase-independent (van de Sand et al., 2005) . The parasite itself then appears to be directly responsible for inhibition of apoptosis, as although hepatocytes infected with irradiated sporozoites are initially resistant to apoptosis, upon drug-mediated elimination of these parasites, host cells apoptose (Leiriao et al., 2005b) . The molecular mechanism of how Plasmodium parasites interfere directly with the apoptotic machinery of the host cell remains to be elucidated but it is likely that the parasite secretes molecules into the host cell cytoplasm to regulate cell survival. Bano et al (2007) have observed that the parasite appears to interact with the host cell endoplasmic reticulum but the significance of this interaction for regulating host cell survival and the parasite and host molecules involved are not yet known. Inhibition of apoptosis as a response to Plasmodium infection is also seen in erythrocytes containing P. berghei parasites. Here infected cells show a resistance to factors that would normally stimulate erythrocyte apoptosis, or eryptosis (Sobolewski et al., 2005) . Again the mechanisms of this inhibition are not yet known.
MEROZOITE DEVELOPMENT AND HOST CELL DEATH
At late liver stages, upon completion of schizogony, a novel form of host cell death is triggered, that displays some hallmarks of apoptosis, but also marked differences, such as the failure of the infected hepatocyte to activate caspases and to display phosphatidylserine (PS) on its surface of the host cell (Sturm et al., 2006; Sturm & Heussler, 2007) . After the parasitophorous vacuole membrane (PVM) is broken down, merozoites are released into the host cell cytoplasm (Meis et al., 1985) . Subsequently, merozoite-filled vesicles (merosomes) bud from the dying host cell and are released into the liver sinusoids, ensuring the safe passage of parasites into the blood stream (Sturm et al., 2006) . PVM destruction, host cell death and merosome formation are initiated by yet unknown cysteine proteases. Although the proteolytic activity results in mitochondria damage and Ca 2+ release, Ca 2+ -dependent activation of host cell scramblase and subsequent switch of PS residues to the outer leaflet of the host cell membrane does not occur. It has been shown that intracellular merozoites accumulate Ca 2+ from the host cell cytoplasm and thus inhibit scramblase activation and PS switch. This way the parasite prevents the attack of macrophages, which would recognize and phagocytose PS-positive dying cells.
SEARCHING FOR PARASITE MOLECULES WHICH INTERFERE WITH HOST SIGNALLING PATHWAYS
The Plasmodium parasite within the red blood cell is known to secrete proteins into the host cell cytoplasm and onto the host cell plasma membrane. These proteins have a profound effect on the morphology of the red blood cell and assist in parasite survival. A signal motif (commonly known as the PEXEL -Plasmodium export
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Parasite, 2008, 15, 211-218 Fig. 3. -A) P. berghei-infected hepatic cell line. HepG2 cells were infected with P. berghei sporozoites and cultured for 48 hours. Cells were fixed and stained with anti-Exp1 antiserum, which stains the PVM and an antiserum that stains the parasite cytosol. B) T. parva-infected T cell. Infected cells grown in suspension were fixed on a slide and stained with an anti-Pim mAb, which stains the parasite membrane and an antiserum that labels host cell signalosomes localized on the surface of the parasite. element -motif) has been found in many proteins secreted from the P. falciparum parasite into the host erythrocyte (Hiller et al., 2004; Marti et al., 2005) and this has allowed a secretome to be predicted for intra-erythrocytic Plasmodium parasites. Whether this secretome is also operating in liver stage parasites to deliver proteins that interfere with pathways leading to apoptosis, is an important goal for future research. Thus far, the only parasite protein identified as having a role in host cell manipulation during the liver stage is CSP, which has been shown to transiently block mRNA translation in infected and non-infected hepatocytes (Frevert et al., 1998) .
PLASMODIUM STAGES IN THE DEFINITIVE HOST
Contrasting to the primarily intracellular nature of the Plasmodium parasite within the mammalian host, within the mosquito the parasite is predominantly extracellular. Thus it does not need to manipulate host cell survival for the purpose of intracellular development. The parasite must, however, pass through mosquito cells, to escape from the mosquito midgut and later to enter the salivary ducts (Fig. 2) . In exiting the midgut, the ookinete traverses a number of midgut epithelial cells before reaching the basal lamina and rounding up to become an oocyst (Zieler & Dvorak, 2000) . The process of cell transmigration is similar to that displayed by sporozoites in traversing hepatocytes, again requiring the action of perforin-like proteins (Ecker et al., 2007; Ishino et al., 2005; Kadota et al., 2004) . In both processes, a prerequisite of parasite transmigration is secretion of the parasite protein CelTOS into the cytoplasm of the traversed cell (Kariu et al., 2006) . Epithelial cells traversed by ookinetes invariably die by apoptosis and are extruded into the mosquito midgut (Han et al., 2000) . It may be that the damage caused by entry of the ookinete, a much broader cell than the sporozoite, cannot be overcome by membrane repair, leading to cell death by apoptosis. Why ookinetes induce this slow form of cell death in epithelial cells and not a rapid death by necrosis is not clear, but it might be fatal for the mosquito if transmigration of hundreds of ookinetes results in rapid death of thousands of midgut epithelial cells resulting in a perforation of the midgut. However, as with sporozoites, ookinete traversal is not essential for further development of the parasite as ookinetes injected into the mosquito haemocoel are able to continue with normal sporogonic development.
CONCLUDING REMARKS
A lthough the phenotypes of Theileria-infected leukocytes and Plasmodium-infected hepatocytes have been reasonably well characterized, the parasite-derived molecules triggering inhibition of apoptosis in both cases and cell transformation in case of Theileria infection, have still not been clearly defined. Sequencing of the genomes of several Plasmodium and Theileria species Gardner et al., 2002; Pain et al., 2005) will certainly help to identify putatively secreted parasite proteins that are highly interesting candidates for further analysis, but it should also be considered that the parasite has other possible methods of affecting signalling in the host cell. Ca 2+ accumulation by Plasmodium merozoites and inhibition of PS exposure is a good example in this respect (Sturm & Heussler, 2007) . The most important goal in the future will be to use all the accumulated bioinformatic information and characterize the function of the identified parasite molecules in detail. Clearly, a lot of bench work is needed to complete the picture of parasite-dependent signalling in Theileria-infected leukocytes and Plasmodium-infected hepatocytes and it is safe to predict that we can expect exciting discoveries in these fields in the next few years.
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